The argon plasma jet (Ar-PJ) is widely used in medical fields such as dermatology and dentistry, and it is considered a promising tool for cancer therapy. However, the in vivo effects of Ar-PJ for medical uses have not yet been investigated, and there are no biological tools to determine the appropriate clinical dosages of Ar-PJ. In this study, we used the caudal fin and embryo of zebrafish as novel in vivo tools to evaluate the biosafety of Ar-PJ. Typically, Ar-PJ is known to induce cell death in twodimensional (2D) cell culture systems. By contrast, no detrimental effects of Ar-PJ were shown in our 3D zebrafish systems composed of 2D cells. The Ar-PJ-treated caudal fins grew by an average length of 0.7 mm, similar to the length of the normally regenerating fins. Remarkably, Ar-PJ did not affect the expression patterns of Wnt8a and β-Catenin, which play important roles in fin regeneration. In the embryo system, 85% of the Ar-PJ-treated embryos hatched, and the lateral length of these embryos was~3.3 mm, which are equivalent to the lengths of normal embryos. In particular, vasculogenesis, which is the main cellular process during tissue regeneration and embryogenesis, occurred normally under the Ar-PJ dose used in this study. Therefore, our biosafety evaluation tools that use living model systems can be used to provide an experimental guideline to determine the clinically safe dosage of Ar-PJ.
INTRODUCTION
Nonthermal atmospheric argon (Ar) plasma has several distinct advantages that are applicable to medical use. 1, 2 First, noble gases are safe for human use because they are typically highly unreactive. Second, the noble gas Ar is required to ensure the stability of plasma (Ar + +e − → Ar). Third, Ar is less expensive than other noble gases because it is the third most abundant gas in the Earth's atmosphere, after nitrogen and oxygen. Fourth, Ar plasma contains less ozone, which is harmful to living organisms, than do other gas plasmas. 3 Nonthermal Ar plasma has also been demonstrated to be biocompatible because of its capacity to generate low-temperature, highly reactive species, including reactive oxygen species (ROS), and the easy control of its plasma dynamics. 4, 5 ROS have dual functions in many essential cellular processes. [6] [7] [8] At low or physiological levels, ROS serve as critical signaling molecules in cellular proliferation and survival, 8, 9 whereas at high or super-physiological levels, ROS can induce damage in the components of living organisms. [10] [11] [12] [13] [14] These intriguing features of ROS may make Ar plasma one of the most promising approaches for applications in medical fields. [15] [16] [17] Emerging evidence suggests that Ar plasma can be used as a new tool in the removal of cancerous tissues via the efficient and preferential killing of cancer cells. [18] [19] [20] [21] However, programmed cell death can be applicable to cancer therapy, whereas other types of cell death, such as necrosis, may cause detrimental tissue damage through the uncontrolled release of inflammatory molecules into the extracellular space. 7, [22] [23] [24] Moreover, many studies have reported that Ar plasma induces cancer cell death in two-dimensional (2D) culture systems; 21, 25, 26 however, these systems do not reflect the actual cellular environment of organisms due to the absence of cell-to-cell communication in tissue-specific architectures. Hence, before applying Ar plasma in the medical field, standard protocols must be established with appropriate living models to monitor and evaluate both the biosafety of Ar plasma and the appropriate dosage for clinical use.
The fibroblast growth factor (FGF)-and wingless-type MMTV integration site family (Wnt)/β-Catenin-signaling pathways play important roles in the formation of progenitor cells and the regulation of regeneration. 27 These two pathways are highly conserved between zebrafish and humans. Moreover, FGF20a and Wnt8a are essential for initiating regeneration and were first identified in zebrafish. [27] [28] [29] These epigenetic and molecular studies have experimentally confirmed that zebrafish model systems can provide invaluable information for understanding the cellular events and reactions that occur in human tissues.
In this study, we have establish new strategies and protocols to monitor and evaluate the biosafety of the Ar plasma jet (Ar-PJ) by analyzing the regenerative capacity of the zebrafish caudal fin and embryonic development. On the basis of these in vivo zebrafish systems, we demonstrate that Ar-PJ is safe in living organisms at widely applied doses in medical fields. Furthermore, our system can become a useful, reliable, and critical tool for evaluating Ar-PJ biosafety for human use and provides insights into future directions for developing next-generation cancer therapies.
MATERIALS AND METHODS

Zebrafish maintenance
Adult wild-type zebrafish (Danio rerio, 5-10 months old) were raised under standard laboratory conditions described in a laboratory manual of zebrafish. Zebrafish embryos were obtained by natural mating after the initiation of the light cycle and were raised under standard laboratory conditions at 28.5°C for subsequent experimental procedures. Developmental stages were assigned in accordance with the morphological criteria defined by Kimmel 
Nonthermal argon plasma jet device
The nonthermal argon plasma jet (Ar-PJ) system consists primarily of inner and outer electrodes, porous alumina with dielectric properties and an alternating current (AC) high-voltage power supply, which is a commercially available transformer operated at 60 Hz (hertz). Ar gas was injected into the hollow space of the injection needle at a flow rate of 0.5 SLM (standard liters per minute) and ejected through the hole in the outer electrode via the porous alumina. Once Ar gas and 100 V AC were applied, the discharge was fired in the porous alumina between the electrodes; thus, Ar-PJ was generated and ejected through the hole in the outer electrode. For indirect plasma treatment, a grounded mesh was placed between the high voltage electrode and the sample to eliminate charged particles.
Ar-PJ treatment
The live embryos at 3.3 hpf were lined up on a Petri dish and treated with the indicated doses of Ar-PJ. The zebrafish embryos were incubated at 28.5°C and analyzed at 19 and 60 hpf. Adult zebrafish were anesthetized in 0.016% ethyl 3-aminobenzoate methanesulfonate (tricane; Sigma Chemical, St Louis, MO, USA), and their caudal fins were amputated at the mid-fin level using a surgical blade. Following amputation, zebrafish were transferred to a Petri dish, and the fins were spaced at approximately 2 mm apart from the Ar-PJ device and treated with the indicated doses of Ar-PJ for 30 s. Following the treatments, the adult zebrafish were maintained at 33°C, which is an optimal temperature to accelerate the regenerative process. After 2 and 4 dpa, zebrafish were anesthetized and collected for further analysis.
Whole-mount in situ hybridization (WISH)
Adult zebrafish caudal fins and embryos were fixed in 4% paraformaldehyde for 18 h at 4°C. Antisense digoxigenin (DIG)-labeled RNA probes (wnt8a and fli-1) were synthesized by in vitro transcription using T7 RNA polymerase (Takara Biotechnology, Shiga, Japan) with a DIG-RNA Labeling Mix according to the manufacturer's instruction (Roche Diagnostics, Basel, Switzerland). WISH was performed using the method described in the Zebrafish Book, and the target mRNAs were visualized by anti-DIG Fab fragments conjugated with alkaline phosphatase and NBT/BCIP system (Roche). The plasmids used to transcribe antisense riboprobes, wnt8a and fli-1, were provided by the Korea Zebrafish Organogenesis Mutant Bank (ZOMB) and Dr Cheol-Hee Kim (Chungnam National University), respectively.
Immunofluorescence assay
Immunofluorescence assay (IFA) was performed using the method described in The Zebrafish Book. The fixed fins were incubated with the mouse anti-active-β-Catenin (Millipore, Billerica, MA, 05-665, 1:200) for 18 h at 4°C and incubated with goat anti-mouse Alexa Fluor 488 (Molecular probe, Eugene, OR, USA; A 11001, 1:200) for 2 h. The samples were counterstained with 2 μg ml − 1 4 0 ,6-diamidino-2-phenylindole (DAPI, nuclear marker) for 10 min. The samples that were prepared for IFA were analyzed by confocal microscopy (Carl Zeiss, Oberkochen, Germany).
Image analyses and statistical analyses
Live and WISH embryos were mounted in 3% methylcellulose and 80% glycerol in egg water (0.6 g aquarium salt and 0.01 mg methylene blue in 1 liter distilled water). The processed caudal fins were mounted using glass slides and cover slips. The images were visualized using a dissection microscope (Leica MZFLIII, Heidelberg, Germany) and a camera system (Leica DFC 490 and Leica Application Suite ver. 2.8.1). Levels of statistical significance were assessed by Student's t-tests using SigmaPlot (version 9.0). All data are presented as the mean ± s.e.m.
RESULTS
Ar plasma induces cell death in the 2D culture system: implications for the in vivo biosafety evaluation of plasma for medical applications In the bioplasma research field, standard monolayer cell culture has been widely used as the 2D culture system for evaluating cellular responses to Ar plasma. 19, 21, 25, 30 Mouse embryonic fibroblast (MEF) cells were used as the 2D monolayer culture system because fibroblasts are the most common cells of connective tissue in animals, and their morphological features can be easily discriminated, i.e., the flat and elongated shape of live cells from the round dead cells. We designed a dielectric barrier discharge (DBD) Ar plasma of a mesh dish type 31 to expose the Ar plasma to almost all the cells in a 60-mm culture dish at the listed energy amounts (joule, J) ( Figure 1 and Table 1 ). Consistent with previous studies, we also observed that the normal elongated cell morphology changed to a rounded and shrunken shape in the Ar plasma-treated cells: in~20% of the cells (after 1 min exposure or 24 J), more than 80% of the cells (3 min, 72 J), and almost 100% of the cells (5 min, 120 J) (Figure 2a ). These morphological changes are characteristic cell death markers, reflecting that Ar plasma induces cell death in 2D monolayer cultures. We also investigated the effects of a jet-type of DBD Ar plasma (Ar-PJ) on 2D monolayer cells (Figure 2b ). For this purpose, we treated the MEFs for 30 s with the nonthermal Ar-PJ used in our previous in vitro assays. 20, 32 Following 24 h of incubation, MEFs were stained with propidium iodide (PI), which is a red fluorescent dye that is impermeant to intact membranes in live cells but penetrates the damaged membranes of dead cells. All cells within a 1-mm (1,000-μm) radius from the contact point of the Ar-PJ (C-zone) exhibited red fluorescence (PI positive), indicating that Ar-PJ also leads to cell death. Extensive death of cancer cells is a requirement for cancer therapy; however, the potentially adverse effects of cell death raise many safety concerns for living organisms, including humans.
Regenerative capacity of the zebrafish caudal fin in response to Ar-PJ: a novel in vivo model for bioplasma safety assessment To experimentally evaluate the safety of Ar-PJ in living organisms, we selected zebrafish systems, including the zebrafish caudal fin and embryo, which have been widely used as powerful living models for testing the safety of drugs and medical devices before use in specific clinical trials. 33, 34 When we treated the zebrafish with stronger bioplasma than the dosage used for 2D cells, the detrimental effects of bioplasma were observed in the regeneration of the caudal fin of zebrafish: degeneration of the caudal fin (Supplementary Figure 1aa 0 ) or loss of pigment cells in the caudal fin (Supplementary Figure  1ab  0 ). In the embryo system, the morphogenesis of blood vessels was abnormally formed in the posterior head region as the bioplasma energy increased (Supplementary Figure 1b) . Thus, the highest energy used in Supplementary Figure 1 was excluded, and the Ar-PJ energy of 207 J (treatment for 30 s) ( Figure 3 ) was selected based on the condition that Ar-PJ induces cell death in 2D cell cultures (Figure 2) .
Because caudal fin regeneration is normally initiated within one-day post-amputation (dpa), and the epidermis and blastema are regenerated at 4 dpa (Figure 3a) , we measured the length of the fin at 4 dpa from the amputation plane to the distal tip as a morphologically measurable indicator (Figures 3b  and c, Table 2 ). 35 In the untreated and Ar-only-treated groups used as controls, we observed that the amputated fins regenerated to an average length of 0.7 mm, which is typically observed at 4 dpa. In the Ar-PJ-treated group, the amputated fins grew back normally to about the same length as those of the controls. This result indicates that Ar-PJ in the dose used in this study does not lead to a detrimental effect on the regeneration of the zebrafish caudal fin.
After amputation or injury, pigment cells, such as melanocytes (melanin-producing black cells) and xanthophore (yellow) cells, are newly formed at approximately 4 dpa and precisely arranged via a cell-to-cell interaction network in the regenerating fin tissues. 36, 37 As such, this precise arrangement Figure 1 A schematic diagram of the nonthermal Ar-PJ device. Ar gas was injected into the inner electrode of the device at a flow rate of 0.5 SLM (standard liters per minute), the alternating current (AC) power supply was operated at 60 Hz, and the input voltage was 100 V. Violet color denotes nonthermal Ar-PJ generated under atmospheric pressure. of pigment cells is widely used as another critical hallmark of zebrafish fin regeneration. After Ar-PJ treatment, we microscopically examined at 4 dpa the pigmentation patterns of the amputated caudal fins to use as a visual color indicator ( Figure 3d , Table 2 ). In the Ar-PJ-treated group, we detected the regenerated melanocytes and xanthophore cells near the amputation plane, which is the same pattern that was found in the control group and extended from the existing pigment cells. This continuously arranged normal pigmentation pattern indicates that Ar-PJ has no destructive effects on the cell-to-cell interaction network and is therefore biologically safe. Next, we assessed the effect of Ar-PJ on caudal fin regeneration at the molecular level, as the molecular assays are highly sensitive, reliable, and accurate ( Figure 3e , Table 2 ). The Wnt/β-Catenin signaling pathway has been known to play important roles in promoting cell growth and proliferation in regenerating tissues. [38] [39] [40] Because Wnt8a and β-Catenin are key effectors of the Wnt/β-Catenin signaling pathway, we examined the expression of wnt8a mRNA and β-Catenin protein by whole-mount in situ hybridization (WISH) 41 and immunohistological staining, respectively (Figure 3e ). The expression patterns and levels of both genes in the Ar-PJ-treated caudal fins were similar to those in the controls. These results demonstrate that Ar-PJ does not affect tissue regeneration and recovery from injuries in zebrafish used as a living model organism. Therefore, zebrafish caudal-fin regeneration can be used as an effective in vivo model for determining the appropriate dose of Ar-PJ to use in future clinical use and for an Ar-PJ safety assessment.
Development of the zebrafish embryo in response to Ar-PJ: implications for the novel 3D in vivo model for bioplasma safety assessment Unlike mammalian models, zebrafish undergo external fertilization, and their embryonic development is very fast, taking only 48 h. The developing embryo is also optically transparent, which makes it feasible to non-invasively observe its internal organs and to monitor the embryo at all stages of development (Figure 4a) . 42, 43 In addition, zebrafish embryonic development is regulated by the Wnt/β-Catenin signaling pathway, 44 which is a common molecular mechanism that regulates the regeneration of the caudal fin of adult zebrafish. 38, 45 Due to their easy accessibility and excellent advantages, we used zebrafish embryos in our assessment of the in vivo biosafety of Ar-PJ by assessing their developmental capacity. The zebrafish embryo consists of three complex compartments, the cell, yolk, and chorion (Figure 4a ). 42 The distance from the zebrafish embryo center to the chorion is~0.6 mm (600 μm), which is much shorter than the effective zone (1000 μm) of Ar-PJ in the 2D cell culture shown in Figure 2 . A single enormous cell (0 h post fertilization or hpf) divides repeatedly into thousands of smaller cells at 3.3 hpf and finally develops into all the organ systems within 48 hpf. The yolk provides energy and building blocks during embryonic development (72 hpf). The chorion is a 1.5-to 2.5-μm-thick cellular envelope that surrounds the embryo and consists of three layers: the outer (CO, 0.2-0.3 μm thick), middle (CM, 0.3-0.6 μm thick) and inner (CI, 1.0-1.6 μm thick) layers. The chorion pore canals (CPCs) are formed in the CM and CI layers, the diameter of the CPC ranges from 0.5 to 0.7 μm, and the distance between the centers of the CPCs is 1.5-2 μm. 46 Hence, Ar-PJ components could sufficiently penetrate the chorion and effectively interact with the embryonic cells in living zebrafish embryos.
We chose embryos at 3.3 hpf (blastula period) because critical cellular events, such as cell polarity, cell specification, and axis formation, are initiated during the blastula period of zebrafish embryonic development (Figure 4b) . 42, 47 We treated the embryos with Ar-PJ for 30 s, which is the same condition used for the fins and 2D monolayer cultured cells. At 60 hpf (the hatching period), we counted the number of hatched embryos and compared the hatching rates, because hatching is a reliable and easy diagnostic indicator of normal embryogenic (e) Detection of the regeneration-associated genes, wnt8 and β-Catenin, in the regenerating fins, molecular indicators of the biosafety of Ar-PJ in living organisms. WISH was performed on zebrafish fins at 4 dpa with a wnt8a probe. Violet color indicates a positive signal of the wnt8a mRNA. Immunofluorescence antibody assay (IFA) was performed on zebrafish fins at 2 dpa with the anti-active-β-Catenin antibody (green), and nuclei were counterstained with DAPI (blue). development ( Figure 4c , Table 2 ). During embryonic development, the Ar-PJ-treated embryos exhibited normal morphology with an approximately 85% hatching rate, similar to those of the Ar-only-treated and untreated control groups. Consistent with the morphology and hatching rate, there was no difference in the lateral length of the embryos (EL) across all three groups, approximately 3.3 mm, which is the recognized EL at 60 hpf ( Figure 4d ). 42 To investigate the in vivo biosafety of Ar-PJ at the molecular level, we analyzed the expression level of wnt8a mRNA during the early stage of embryonic development (12 hpf, 5-somite stage) using WISH (Figure 4e) . Consistent with the wnt8a mRNA expression shown in zebrafish caudal fins (Figure 3e ), the expression levels and patterns of wnt8a mRNA in the Ar-PJ-treated embryos were equivalent to those observed in the controls. Notably, the formation of new blood vessels, which are mostly composed of endothelial cells, is one of the main aspects of tissue regeneration and embryogenesis and is essential for embryonic survival. 48 Therefore, to evaluate the effect of Ar-PJ on blood vessel formation during embryogenesis, we treated blastula-period (3.3 hpf) embryos with Ar-PJ for 30 s; at this stage, the cells are not restricted to a specific lineage of endothelial cells (Figure 4f ). Endothelial precursor cells (or angioblasts) are specified from the ventral mesoderm during the gastrula period (6 hpf) and then migrate to the embryonic midline, where they develop to approximately the 14-somite stage (16 hpf) before undergoing vasculogenesis. 42 The vascular ETS transcription factor fli-1 also plays an essential role in endothelial cell development, which indicates that its expression is closely linked to the formation of new blood vessels. 49 After Ar-PJ treatment, we used WISH to compare the expression level and pattern of the fli-1 mRNA with those in the control groups (Figure 4f) . Normally, fli1 expression is detected at the vasculogenesis sites along the axis of the whole body, from head to tail. 50 Consistent with the normal fli-1 expression pattern, we detected a highly positive signal of fli-1 in the Ar-PJ-treated group at the vasculogenesis sites throughout the axis of the whole body from head to tail, including the posterior head region (pharyngeal, pr), the dorsal aorta (da), axial vein (av), intersegmental vessels (iv), and intermediate cell mass (icm). These results reflect no difference in blood vessel formation between the Ar-PJ-treated and control groups at the 20-somite stage of the segmentation period (19 hpf) . Collectively, the Ar-PJ-treated embryos exhibited normal embryonic development, and morphology as well as normal expression levels and patterns of the embryonic development marker wnt8a and endothelial marker fli-1. These data demonstrate that Ar-PJ at the dose used in this assay has no impaired effects on embryonic development.
DISCUSSION
In conclusion, our experimental results using the caudal fin and embryo of the zebrafish demonstrate that Ar-PJ has no adverse effects on fin regeneration and embryogenesis in zebrafish, implying that Ar-PJ does not interrupt the multiple physiological molecular pathways that govern living organisms. Our study has demonstrated that the zebrafish embryogenic developmental system is a rapid and sensitive in vivo assay to assess the biosafety of Ar-PJ and is suitable for determining the appropriate doses of Ar-PJ for medical applications. Therefore, our zebrafish caudal fin regeneration and embryonic development systems can be applied to the evaluation of the in vivo safety of various types of bioplasma sources and can contribute to improving patient safety and the quality of health care.
